Pyramidal cells in piriform cortex integrate sensory information from multiple olfactory bulb mitral and tufted (M/T) cells. However, whether M/T cells belonging to different olfactory bulb glomeruli converge onto individual cortical cells is unclear. Here we use calcium imaging in an olfactory bulb-cortex slice preparation to provide direct evidence that neurons in piriform cortex receive convergent synaptic input from different glomeruli. We show that the combined activity of distinct glomerular pathways recruits ensembles of pyramidal cells that are not activated by the individual pathways alone. This cooperative recruitment of cortical neurons only occurs over a narrow time window and is a feature intrinsic to the olfactory cortex that can be explained by the integration of converging, subthreshold synaptic input. Cooperative recruitment enhances the differences between cortical representations of partially overlapping input patterns and may contribute to the initial steps of olfactory discrimination.
Introduction
In rodents, signals from 1000 different types of odorant receptors (ORs) map onto 1800 glomeruli in the olfactory bulb and olfactory sensory neurons (OSNs) expressing one unique OR project onto ϳ50 -100 mitral and tufted (M/T) cells within each glomerulus (Mombaerts et al., 1996) . Individual odorants are detected by different, but partially overlapping, combinations of ORs, leading to the activation of multiple glomeruli in the olfactory bulb (Wilson and Mainen, 2006) . Ultimately, information from combinations of activated M/T cells belonging to different glomeruli is proposed to undergo a synthetic process in cortical brain regions to generate odor perception. However, the stage in cortical processing in which information from different glomeruli is initially combined is not clear. The anterior piriform cortex (APC) is a three-layered cortical region that receives direct input from M/T cell axons within the lateral olfactory tract (LOT) (Neville and Haberly, 2004) and thus a potentially important site for the integration of information from combinations of glomerular pathways.
Previous studies revealed the basic features governing the integration of LOT synaptic input and spike output of layer 2/3 (L2/3) principal cells in APC slices. Individual L2/3 cells receive inputs from multiple M/T cells (Franks and Isaacson, 2006; Bathellier et al., 2009 ) and though some single LOT fibers make strong connections, the majority are sufficiently weak such that the coincident activity of multiple inputs must be integrated for L2/3 principal cells to reach spike threshold (Franks and Isaacson, 2006; Bathellier et al., 2009 ). Thus, the firing of principal cells in APC reflects the integration of subthreshold excitatory synaptic responses generated by multiple afferent fibers. This integration could lead to the nonlinear recruitment of ensembles of active cortical neurons, since combined activity of distinct afferent pathways should produce firing in subpopulations of neurons that only generated subthreshold synaptic responses to individual afferent pathways alone.
The integrative properties of cortical neurons could play a major role in odor coding. However, a fundamental unanswered question in olfaction is whether individual L2/3 principal cells in piriform cortex receive converging input from M/T cells belonging to different glomeruli. Despite the lack of evidence directly addressing this question, odor representations in APC are often proposed to reflect the integration of inputs from multiple glomeruli by single neurons. Indeed, this scenario is thought to account for observations that individual piriform cortex neurons in vivo respond to different odorants (Wilson, 2003; Rennaker et al., 2007; Poo and Isaacson, 2009) and that different odorants activate unique, but partially overlapping, ensembles of L2/3 cells (Stettler and Axel, 2009 ). The convergence of inputs from multiple glomeruli onto cortical neurons is also thought to underlie findings that subpopulations of neurons are only responsive to odorant mixtures, but not to the individual components (Zou and Buck, 2006; Stettler and Axel, 2009 ). However, these features of odor coding could result from processing steps at a number of levels in the olfactory system. For example, OSNs also respond to multiple odorants, different odorants activate unique but partially overlapping ensembles of OSNs, and odorant mixtures evoke OSN responses that can differ from the responses to individual components (Wilson and Mainen, 2006) . Further downstream, processing within intrabulbar circuits (Wilson, 2008) or recurrent connections between cortical pyramidal cells (Neville and Haberly, 2004) could also underlie in vivo observations attributed to the convergence of different glomeruli onto single cortical neurons. Thus, the degree to which cortical odor representations reflect the convergence and integration of distinct glomerular pathways is unclear.
In this study, we use a brain slice preparation containing the olfactory bulb and cortex to explore features of cortical ensemble coding. We image action potential (AP)-dependent calcium transients in APC pyramidal cells and test directly the coding strategies underlying activation of cortical ensembles by unique combinations of olfactory bulb inputs. We provide evidence that individual APC principal cells receive converging synaptic input from different glomeruli. We also show that mixtures of mitral cell inputs recruit larger ensembles of pyramidal neurons whose composition strongly differs from those recruited by the individual components. This nonlinear behavior of olfactory cortex increases differences between cell ensembles representing activity from combinations of overlapping sensory inputs.
Materials and Methods
Experiments followed approved national and institutional guidelines for animal use. Postnatal day 9 (P9)-P14 mice (ICR) were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg) and decapitated. The cortices and attached olfactory bulbs were placed into ice-cold artificial CSF (aCSF) containing the following (in mM): 83 NaCl, 2.5 KCl, 0.5 CaCl 2 , 3.3 MgSO 4 , 1 NaH 2 PO 4 , 26.2 NaHCO 3 , 22 glucose, and 72 sucrose equilibrated with 95% O 2 and 5% CO 2 . For bulb-cortex slices, horizontal sections (500 -600 m) were cut using a vibrating slicer (Vibratome) and incubated at 34°C for 30 min. For isolated cortex slices, the bulbs were removed and parasagittal slices were cut (400 m). Slices were superfused with aCSF containing the following (in mM): 119 NaCl, 2.5 KCl, 2.5 CaCl 2 , 1.3 MgSO 4 , 1 NaH 2 PO 4 , 26.2 NaHCO 3 , 22 glucose equilibrated with 95% O 2 and 5% CO 2 and viewed with an upright microscope using differential interference contrast (DIC) optics. Image acquisition (494 nm excitation, 2 ϫ 2 binning, 25-50 Hz) was performed with a cooled-CCD camera system (T.I.L.L. Photonics). All experiments were conducted at 30 -32°C, and data are mean Ϯ SEM.
Bulb-cortex slices were bulk loaded with Oregon Green-1 AM (OG-1, 10 -20 M, with 0.02% Pluronic F-127) at 34°C for 30 min. In experiments using isolated cortex slices, L2/3 was "painted" with OG-1 (50 M) by gently blowing the dye solution through a pipette (ϳ2 m tip) at the slice surface. Focal glomerular stimulation was evoked using monopolar electrodes placed in aCSF-filled pipettes (1-2 m tip diameter, 10 -40 V, 0.2 ms stimuli). Pipettes were positioned in two distinct glomeruli visualized by DIC optics to avoid stimulation of the overlying olfactory nerve layer. Glomeruli in the mouse olfactory bulb have an average diameter of 85 m (Royet et al., 1988) , and the two stimulation sites were separated by Ͼ250 m to prevent stimulation of overlapping glomeruli. We confirmed the focal nature of glomerular stimulation using loose patch recordings of APs in mitral cells directly below individual glomeruli (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Mitral cell activation declined sharply when the stimulation electrode was moved Ն50 m laterally, and when it was moved Ͼ100 m, mitral cells were unresponsive (n ϭ 6). In imaging experiments, we delivered trains of four pulses at 50 Hz for glomerular stimulation to mimic odor-evoked firing of mitral cells in vivo (Cang and Isaacson, 2003) , and stimulus strength was adjusted to evoke reliable but nonoverlapping calcium signals at each glomerular site. Similar results were obtained with single stimulus pulses, but fewer APC neurons were reliably recruited on individual trials (not shown). LOT stimulation was delivered via bipolar steel electrodes, and all responses were evoked at 0.1 Hz. Electrophysiological data were recorded with a Multiclamp 700A (Molecular Devices) and collected and analyzed using Axograph.
Imaging data were analyzed using ImageJ (NIH). Activity maps of cell ensembles were constructed from 3-6 stimulus trials (supplemental Fig.  2 , available at www.jneurosci.org as supplemental material). All images from an individual experiment were processed identically. The first 5-10 image frames (ϳ200 -400 ms) following the stimulus were averaged to generate the peak dF/F signal for individual trials (without background subtraction). Individual peak dF/F images were then averaged together to represent the cell ensembles activated by each input pathway alone or those stimulated together. The resulting peak dF/F images were bandpass filtered (to reduce diffuse signals) and smoothed. Cells were detected from these processed images using a template-based detection criterion based on their size (ϳ20 m diameter) and intensity (Ͼ50% of background) to yield a final binary image of active cells.
We compared the cells detected using the template-based approach with those determined from analyzing calcium transients in individual trials (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). We used the binary images of detected cells in response to simultaneous stimulation of two pathways as ROIs to measure the dF/F responses of the same cells on individual trials (155 cells, n ϭ 3 slices, 5 trials). We used a threshold of dF/F Ͼ2% (1% above background) for determining successes from failures on individual trials. This was derived from the mean and SD of dF/F signals for failures (0.5 Ϯ 0.7%) and single APs (4.0 Ϯ 0.9%) in loose-patch recordings (n ϭ 6). On average, ϳ60% of cells in the average activity maps following simultaneous stimulation were active on 5/5 stimulus trials. Only a small fraction of detected cells (ϳ4%) were not resolved on individual trials, presumably because the activity map revealed some cells with a low signal-to-noise ratio on single trials. On average, ϳ70% of cells detected during simultaneous stimulation were never active on individual trials (0/5 trials) when each pathway was stimulated independently. We further tested the identification of ensembles recruited by independent stimulation by comparing the number of cells detected from the average activity maps to those that were active on Ն1/5 stimulus trials. There was no difference in the cells detected using these two approaches (paired t test, p ϭ 0.7, n ϭ 6 pathways from 3 experiments), confirming that the activity maps are a good reporter of active cell ensembles. We estimated the number of APs in active cells by analyzing the distribution of dF/F values for cells that responded on individual trials (n ϭ 6 slices, ϳ200 cells). The distribution was well described by the sum of three equidistant peaks corresponding to one (77%), two (19%), or three (4%) APs. Thus, the majority of cells responded with one AP under our conditions.
Results
To visualize ensembles of cells in piriform cortex activated in response to stimulation of sensory inputs, we imaged brain slices loaded with the calcium indicator Oregon Green-1 AM (Ikegaya et al., 2005) . We first used bulbocortical slices (Balu et al., 2007) , a preparation where the olfactory bulb remained functionally connected to the piriform cortex ( Fig. 1 A 1 ) . A stimulating electrode was placed in the mitral cell layer of the olfactory bulb, and we imaged the response to brief trains of stimuli (4 pulses, 10 ms interstimulus interval) in L2/3 of anterior piriform cortex ( Fig.  1 A 2 ) . Stimulation of mitral cells evoked a marked rise in fluorescence of L2/3 of piriform cortex ( Fig. 1 A 2 ,A 3 ) . Furthermore, we could resolve bright spots in dF/F image sequences that reflected calcium signals in the cell bodies of individual L2/3 neurons ( Fig.  1 A 2 ). The stimulus-evoked signal in L2/3 was abolished following application of the glutamate receptor antagonists NBQX (10 M) and APV (50 M) ( Fig. 1 A 3 ) ; however, imaging in layer I directly below the LOT revealed a robust stimulus-evoked response due to calcium influx into LOT presynaptic terminals ( Fig. 1 A 3 ) . These results indicate that we can monitor long-range synaptic activation of cortical cells via LOT inputs in bulb-cortex slices, and we constructed maps of pyramidal cell activity by averaging together the peak dF/F images from multiple trials (Fig.  1 B) . Loose-patch recordings confirmed that stimulus-evoked calcium transients in the cell bodies of L2/3 neurons were detected only when trials generated APs (Fig. 1C) (n ϭ 10 cells) . Whole-cell current-clamp recordings revealed that activated cells had regular spike firing properties (n ϭ 5, not shown), and the Do axons of M/T cells belonging to different glomeruli converge onto individual pyramidal cells? To address this question, we placed two focal stimulating electrodes in the olfactory bulb glomerular layer to activate distinct and non-overlapping glomerular regions (Fig. 2) . Calcium imaging confirmed that stimulation of the two widely spaced sites activated unique sets of glomeruli (Fig. 2 A, B) . After monitoring glomerular activation in the olfactory bulb, we imaged the APC in the same bulb-cortex slices. We searched for regions (fields ϳ200 ϫ 300 m) of L2/3-containing cells that were activated in response to one of the two glomerular stimulation sites (Fig. 2 A) . Invariably, the same region also contained cells activated by the other glomerular stimulation site (Fig. 2 B) . Stimulation of each glomerular pathway recruited distinct ensembles of pyramidal cells (12 Ϯ 2 cells per ensemble, n ϭ 6 slices); however, a fraction of the activated pyramidal cells were common to both inputs (10 Ϯ 4%) (Fig. 2 B) . Together, these findings show that different glomeruli can drive activity in overlapping areas of olfactory cortex and that M/T cell inputs arising from different glomeruli converge onto common pyramidal cells.
A consequence of converging feedforward input and the temporal summation of subthreshold synaptic responses is that combined activation of distinct afferent pathways should drive AP firing in larger numbers of neurons than are recruited by the individual pathways alone. Indeed, synchronous stimulation of the two glomerular sites recruited many new pyramidal cells that were not activated when either of the two glomerular pathways were stimulated independently (Fig. 2C) . We quantified the recruitment of pyramidal cells in response to combined stimuli using a cooperativity index [# of cells activated by pathway 1 and pathway 2 together/(# of cells activated by pathway 1 alone ϩ pathway 2 alone Ϫ overlapping cells activated by both pathways)]. On average, the number of cells recruited by a combination of stimuli was two times larger than the sum of cells (adjusted for overlap) recruited by either pathway alone (2.1 Ϯ 0.3, n ϭ 6). Thus, coincident activation of distinct glomerular pathways recruits novel ensembles of pyramidal cells that were not represented by the individual pathways alone.
To rule out the possibility that the additional pyramidal cells recruited by coactivation of two pathways reflected increased M/T cell recruitment by bulbar circuits, we studied slices of piriform cortex that were not attached to the bulb. In slices of isolated APC we used stimulating electrodes in the LOT to directly activate two sets of M/T cell axons. L2/3 cells were imaged at the midpoint of the two stimulating electrodes, and a recording electrode was placed in layer I to monitor the field EPSP (fEPSP) (Fig.  3A 1 ) . We used weak stimulus intensities to produce sparse activation of cortical cells similar to what we observed with focal stimulation of olfactory bulb glomeruli. We determined the independence of the two sets of LOT inputs by comparing the sum of the fEPSPs evoked by each LOT pathway alone to the fEPSP when both pathways were activated simultaneously. The degree of input overlap of the two LOT pathways determined from the fEPSPs was only 8 Ϯ 2% (n ϭ 12). Similar to results using stimulation of olfactory bulb glomeruli, we found that each LOT pathway activated distinct ensembles of L2/3 cells (Fig. 3A 2 ,A 3 ). Simultaneous stimulation of the two LOT pathways recruited more cells than the sum of the cells activated by each pathway alone (Fig. 3A 4 ) in all slices tested (n ϭ 8) (Fig. 3B) . This result was not the consequence of an increased activation of LOT fibers, as demonstrated by the independence test (see above), and rules out the involvement of bulbar circuitry in the cooperative recruitment of pyramidal cells by distinct glomerular pathways.
While pyramidal cells are directly excited by LOT inputs, associational connections between neighboring pyramidal cells (Neville and Haberly, 2004) are another potential source of cortical excitation. We considered the possibility that recurrent excitation between pyramidal cells could underlie the cooperative recruitment of cell ensembles. To address this issue, we performed experiments in the presence of the GABA B receptor agonist baclofen (50 M), which causes a potent presynaptic inhibition of associational inputs but has no effect on direct LOTevoked responses (Franks and Isaacson, 2005) . However, baclofen did not prevent the activation of additional cells by the simultaneous stimulation of independent pathways (n ϭ 4 slices) (Fig. 3B) , suggesting that recurrent excitation is not required for cooperative recruitment. On average, simultaneous stimulation of two LOT pathways yielded a cooperativity index of 2.21 Ϯ 0.25 (n ϭ 12). In addition to recruiting more cells, combined stimulation also increased the reliability of cells that responded only intermittently to each pathway alone (Fig. 3C) . Together, these experiments indicate that the supralinear recruitment of cells by coactivation of independent sensory pathways does not require cooperative interactions in the bulb; rather, it results from the integration of convergent LOT inputs onto pyramidal cells within APC.
Over what temporal interval do LOT pathways cooperate in the recruitment of pyramidal cells? We stimulated two LOT pathways either simultaneously or with progressively increasing temporal separation (Fig. 3D) . The recruitment of new cells was maximal during simultaneous stimulation (⌬t ϭ 0 ms) of the two pathways and lessened as the interval between the two stimuli increased. On average, cooperative recruitment of new cells decayed with a time constant of 40 ms (n ϭ 6 slices). These results indicate that novel pyramidal cell ensembles arising from combinations of olfactory inputs occur only within a narrow time window.
How unique are the ensembles of additional pyramidal cells recruited by the simultaneous activity of two pathways to that particular combination of inputs? To address this question, we used three stimulating electrodes (A, B, and C) placed in the LOT, which independently recruited three different ensembles of pyramidal cells (Fig. 4 A 1 ) , and visualized the ensembles recruited by the three input combinations AB, AC, and BC (Fig. 4 A 2 ,A 3 ) . Note that each input combination shares half of the input with any other combination. The three representations were matched against each other and the fraction of unique neurons determined for each paired comparison (AB against AC; AB against BC; AC against BC). We compared the experimentally obtained unique fraction with the one of a purely additive scenario created by summing the ensembles recruited by each pathway independently. Strikingly, the uniqueness was almost invariably larger (t test, p ϭ 0.02) between ensembles recruited experimentally as compared to those created digitally (Fig. 4 B) (n ϭ 9 pathway combinations for 3 slices). The ensemble of additional cells re- cruited by inputs AB was markedly different from that recruited by inputs AC or BC. Indeed, the majority (85 Ϯ 3%) of additional neurons recruited by each combination of inputs were specific for that combination (Fig. 4 B) , despite the fact that half of the inputs were common to each combination. Thus, the cooperative recruitment of cortical cell ensembles can enhance differences in the representation of input combinations.
Discussion
In this study, we examined the recruitment of L2/3 cortical neurons by M/T cell inputs. We found in bulb-cortex slices that coactivation of distinct subsets of glomeruli produced responses in more cortical neurons than those recruited by the individual glomerular pathways. This cooperative recruitment of cortical neurons cannot be due to bulbar circuitry alone, because similar results were observed using direct activation of M/T cell axons in isolated cortical slices. Furthermore, selective pharmacological blockade of intracortical associational circuitry did not eliminate cooperative recruitment. Together, these results demonstrate that individual cortical neurons are excited by M/T cell inputs arising from distinct glomeruli. Our results also indicate that cooperative recruitment only occurs when coactivation of M/T cell inputs occur within a narrow time window. Finally, we show that the composition of cooperatively recruited cell ensembles is highly specific for that particular combination of afferent inputs.
What underlies our observations of the recruitment of new pyramidal cells by combinations of stimuli? The simplest explanation for this type of recruitment reflects the divergent nature of connections between M/T cell axons and cortical pyramidal cells and the convergence of multiple M/T cell inputs onto the same pyramidal cell (Ojima et al., 1984; Franks and Isaacson, 2006; Bathellier et al., 2009 ). Thus, ensembles of pyramidal cells that receive subthreshold input from different sources will reach spike threshold when inputs are combined. In contrast to other cortical pyramidal cells (London and Häusser, 2005) , regenerative events in the apical dendrites of piriform cortex pyramidal cells do not contribute to synaptic integration; rather, spike output is governed by the linear summation of synaptic input at the cell soma (Bathellier et al., 2009) . Indeed, the narrow time window for nonlinear recruitment of new cell ensembles is nearly identical to the integration time window of LOT-evoked EPSPs in APC pyramidal cells (Franks and Isaacson, 2006) . Associational excitatory inputs formed between pyramidal cells could further enhance supralinear cortical responses.
Our findings are consistent with in vivo studies reporting that odor mixtures can activate larger ensembles of cells than those activated by the individual components (Zou and Buck, 2006; Stettler and Axel, 2009 ). Furthermore, in vivo recordings of single cells in the anterior olfactory nucleus (another cortical region receiving direct input from M/T cells) found that odor mixtures produced stronger depolarizing responses than those predicted from the linear sum of responses to the individual components (Lei et al., 2006) . In piriform cortex, odor mixtures have also been found to generate sublinear responses in vivo (Wilson, 2003; Stettler and Axel, 2009 ). This may result from mixture suppression of OSN responses (Duchamp-Viret et al., 2003) or M/T cell activity (Giraudet et al., 2002; Davison and Katz, 2007) or if nonlinear properties of the cortex are influenced by statedependent, neuromodulatory pathways (Murakami et al., 2005) .
Our results establish that the integration of input from different glomeruli by single cortical neurons is a fundamental feature that can shape the representation of sensory information in piriform cortex.
